Wall-Laws for High Speed Flows over Adiabatic and Isothermal Walls by Mohammadi, Bijan & Puigt, Guillaume
HAL Id: inria-00072701
https://hal.inria.fr/inria-00072701
Submitted on 24 May 2006
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.
Wall-Laws for High Speed Flows over Adiabatic and
Isothermal Walls
Bijan Mohammadi, Guillaume Puigt
To cite this version:
Bijan Mohammadi, Guillaume Puigt. Wall-Laws for High Speed Flows over Adiabatic and Isothermal









   



















ap por t  
de  r ech er ch e 
INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE
Wall-Laws for High Speed Flows over Adiabatic and
Isothermal Walls












krsrovtm w b!tbz^sbz^sbEp6}vde +k,xqvve !rk<qbu
c{svLbrsnbuybpmmn^sbb,|mnb,puWg@ovp	o 6oqis¢¡£k<jhj@¤¥jlk,¡u w b,¦bj@ovrb w  ¥oqjho<¡£¤§uyrb,b w©¨ o¡u
mtoªuyisrb,«k<p w ^}xrb,¬uyoqpsglz¢z{ovp}­vis¬k<mng@ovp®u{¯+°Vprk<nmtglzisjlk,±4¡Ibcktbcghpmnb,tbuymtb w ghp ¨ o¡u!o<¦b
gluWovmn^sb,ta²k<j¡£k<jhjluk<p w kvzz{ovisp}m ¥oq$^`bk<mmnkpu³ ¥b,¯$btbz,k<jhj4mn^sbak<ghp+uWmtb,ruo< £mn^sb w b,¦bj@¤
ovr`acb,p}m,´
µ¢¶· mk<ghpsg@p`vb,psbk<jhg@¸,b w ¡£kj@j¹ ¥ispzmtg@oqpu7 ¥ovj@o¡£¤§uyrb,b w¨ i`g w u±s¦vkj@g w  ¥oqk<jhjº»±
µ ]4k¼ghpsghpmno¢kvz,zovisp}m£mt¬k<puW¦b,unk<j½b{¾Nbz{m¬u{¯
µ¢¿ zz{ovisp}mtghps ¥ovmt^sb«z{ovacr`tbunuyg · j@b ¥bk<mnistb.o< 0mn^sb ¨ o<¡Eoqpk w gÀk · kmtglz!¡£kj@jlu£¡£g@mn^sovi`miuyghps
g@p} ¥ovta²k<mtghovpu0ovpmt^`bj@o}z,kj · ovisp w k<txjÀkxb:uWmtniz{mti`tb · i`m£ovpsjhxmn^souWbk,¦qk<g@jÀk · jhbkm£mt^sb­Nzmtg@¤
mtghoviu:¡Ák<jhjV¯
µ!Â |}mtb,p®uyg@oqpcmto.gluWovmt^`b,takjs¡£kj@jÀu{¯ ¿ rouWmtb,ng@ovngb,¦qk<j@i®k<mtghovpco mt^sb^sbkm ¨ is|Qk<m:mn^sbtbkjC¡Ák<jhj
iuWg@ps¢g@p ¥oqtakmtghovpuIk<mmt^sb­Nz{mng@mng@ovi®u7ovp`b¯
µ¶ psj@xi®uybghp ¥ovnak<mng@ovp®u7k,¦qk<ghjlk · j@bovpci`puymntiz{mnistb w acbuW^sbukp w k,¦ovg w mt^soÃuyb!zovacghps ¥toqa
kcÄIk<tmnbuygÀk<p^}xrovmn^sbuWglu: ¥ov£mt^`b$aQbuy^cghppsbk<n¤Å¡Ák<jhj½tb,qg@ovp®u{¯
]:^`buybIg@psqtb w ghb,p}mu½k<nb0¦vkj@g w k<mnb w oqp6^}xrb,¬uyovp`glz:zovp­qiskmtghovpu4oqpk w glk · k<mnglz:kp w gÀuyoqmt^sb,n¤
akj¹¡£kj@jÀu7 ¥ov£b,|}rk<p®uyg@oqp+kp w z{ovacr`tbunuyg@oqpk<aQru:kquÆ¡Ib,j@jÇkvu: ¥ov£tbb,pmntx¢vb,oqacb,mntg@bu{¯
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uyoqpsglz ¨ o¡#oqp8kz{ghz{i`jlk<Áz{x}j@g@p w b,,¯
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bzovpuWg w b,¢kpLk w glk · k<mnglzb|rkpuyghovpKk<aQr	k<m  X Okp w 
	 X  O MaqK^& 	 ¯ biuybkL" · ovisp w k<tx jlk,xb,Qz{o w bmto	qb,psb,¬k<mtb+mn^sb+g@p ¨ o¡rsno<­jhbu ¥ovkj@jmn^sb ¦qktglk · j@bu ¥ov8k
· ovisp w k<nx jÀk,xb,z{oqtnbuyrovp w g@psmto
	   KM R K^& \ Vuybbkrsrb,p w gh|L:¬¯ ]:^`bkpsvjhbo< !mn^sbkacrgÀu 
T(q w b,qtb,bu ãq V¯]:^sbQacbuy^iuWb w ^kvuk · oqism . vq p`o w bu6¡£g@mn^mt^`b²­®uym.rovg@p}m
g@p8mt^sb!psoqtakj w g@nbz{mng@ovp8kmR5K & | \   ¥novamt^`b6¡£kj@j§¯£]:^sb6¡Ák<jhj½gluz{ovpuWg w btb w kvu'k w gÀk · kmtglzq¯]:^sb ¨ o¡ z{ovp}­vis¬k<mng@ovpQglu0uy^so¡£pcghp6­vi`tb.n:¯ ]:^sbrsnbutuWistb w gÀuymtng · i`mtg@oqp¢k<qtb,bu0¡:b,jhjs¡£g@mn^
b,|}rb,tghacb,p}mk<j¦qk<jhisbuk,¦vkg@jÀk · jhb$ghp ãv)§uyb,b­qistb V 9¯Á]:^sb$ ¥nglz{mng@ovp8z{ob #z{ghb,p}m:rsnb w glzmtg@oqpÒ­®visnbc ^kqu · b,b,pg@acr`to¦b w iuyghpsoqis.z{ovaQrstbunuyg · g@jhg@mWxz{oqttbz{mtghovpu±5¡£ghmt^soqism!mt^sba*k<p w
¡£g@mn^ckzovtnbz{mng@ovp¢b,|}mt¬kvz{mnb w  ¥toqa §va¬¯0°Vp §kvz{m±mt^sbuWbnbuyi`j@mu0g@acr`to¦b:oqis£z{oqacrsnbutuWg · ghj@g@mWx
aco w g ­Nz,kmtg@oqpu · kquyb w ovpj@o}zk<j0g@p ¥oqtakmtghovpuk<m!mt^`b­Nzmtg@mng@oqiu¡£kj@j§¯6]:^sb¢tbuyisjhmursnbuybpmnb w
g@p ãv}±sd ½uy^`o<¡ k6j@o¡Ib,:buWmtghak<mng@ovpo mn^sb!uW¼ghp ¥tgÀz{mtghovpz{ob #z{ghb,p}m7i®uyg@p`(4  5}±  k<p w
;k<j@jh¤5½k,¡u: ¥ov ghv^+frb,b w j@o¡u:o¦b, ¿ w glk · k<mnglzkp w °WuWovmt^`b,takj¹;k<jhjlu ,
¦qk<ng@ovi®u mW¡Iov¤¥jlk,xb,aco w b,jÀu{±¹mn^k<pmt^sb¢rsnbuyb,p}m,¯.°Vpk wsw g@mtghovpmtomt^`gluunk<mtgÀu³ §kqz{mtoqtx+rsnb w glzmtg@p`
j@b¦b,jV±¡:b!psoqmtgÀz{b.k<jluWocmt^®k<mmt^sb!tbz{g@¬z{isjlkmtghovpc^kqu · b,b,pªz,k<rsmnistb ww buyrsghmtb!mt^`b$ §kvzm£mt^kmghmgÀu
ovp`j@x w ng@¦b,p · x.rstbunuyisnbb¾¹bz{mu0k<p w psoqm0mt^sbvb,oqacb,mntx¯½]:^`gluglu0z{oq^sb,tbpm¡£ghmt^oqis:rsnb,¦}g@ovi®u
o · uyb,n¦vkmtghovpuk · ovi`mmt^sb.k · g@jhg@mWxo< 0¡Ák<jhj@¤¥jlk,¡u:g@p8z,krsmtisng@ps¢zovacrsjhb,|¢uybrk<¬k<mtghovpu ã}± §¯
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b!z{ovp®uyg w b,:mn^sb ¨ o¡ o¦b,0mt^`b$i`rsrb,:jhb{ ¥m ik<nmtb,Io< Ok<p8k w glk · k<mtgÀz!z{g@¬z{isjlkIz{xjhg@p w b,0¡£^sglz^
w gÀk<acb,mnb,:gÀuQK +¯£]:^sb6ghp ¨ o¡E+kqz^8pisa · b,:gÀu T¢k<p w mt^sb.£b,xp`ovj w uÆoqpsb6gÀuQK & 	 ¯£ovnb,o¦b,,±mt^`bghp ¨ o¡ ¨ i`g w mtb,acrb,¬k<mnistbgÀu K"o K ¯]:^sbQk<ghao< mn^sglu!uymni w x+gÀu mnomnbuym!mt^`b¦qk<jhg w ghmWxo< 
ovi`¡£k<jhj@¤¥jlk,¡uovpKz{isn¦b¡Ák<jhjlu{¯ ¿ u¡:b w g w psoqm^k,¦bckpxb,|}rCbtg@aQb,pm¬k<j w k<m¬k±0mt^sbQtbuWisj@m¬u
b,¦qk<jhik<mnb w mt^kps¼`uÆmnomt^sb!mW¡:oq¤ÅjÀkxb 4 56aco w b,j §aI¡£g@j@jNvgh¦biu£tb{ ¥b,nb,pz{b ik<p}mtghmtg@bu{¯
b^k,¦biuyb w mn^stbbacbuy^sbu´4oqpsb¡£g@mn^­¬uym£pso w bu:g@pcmn^sbp`ovta²k<j w g@tbz{mtghovpQk<m l M^K^& | \  ¥toqa mn^sb¡Ák<j@j'gluiuyb w  ¥oqc¡£kj@jh¤ÅjÀk¡uQz{ovacr`ismkmtg@oqpu{±Ák©nb{­psb w acbuW^ ¡£ghmt^ ­®uympso w bk<m
KM K^& | \   ¥toqamt^sbQ¡£k<jhj w b,acoqpuymnk<mnbumt^sbQacbuy^`¤Åghp w b,rb,p w b,pz{b.o< mt^`bctbuWisj@m¬u{±¡£^sg@jhbmn^sbmt^`g@ w ovp`b±¡£g@mt^¢mt^`bÆ­¬uymIpso w bu0g@p¢mt^sbpsovnak<j w g@nbz{mtghovp¢km
KM K^& | 3   ¥nova mn^sb¡Ák<jhjV±vgÀuOi®uyb w ¥ov£mW¡Iov¤¥jlk,xb,£zovacrsi`mk<mng@oqpu{¯
]:^sbÄI~ . z{oÃuym£glu0ai®z^¢acovnbjho¡:b,0¡£g@mn^¡£k<jhj@¤¥jlk,¡u:kqu:mt^sb'acbuy^¢glu£zok<¬uyb,kp w mtghacbuymnb,ru
^sghv^sb,  · xQmt^snb,bov w b,¬uÆo akvpsghmti w b$^`b,tb¬¯
 g@vi`tbu  %  uy^so¡Lkqoo w kvnb,b,acb,p}m½ ¥ov0mt^sb · b,^k,¦}g@ov o< mt^`b£¦b,j@o}z{ghmWx6km0mt^sb K l q w b,qtb,bu
z{noutuW¤VuWbz{mng@ovp;¡£g@mt^ · ovmn^mt^sb¢acb,mn^so w u¯]:^`bnbuyisjhmuo · mk<ghpsb w ¡£ghmt^ovis!¡Ák<j@jh¤ÅjÀk,¡u' ¥oq6mn^sb
mtbacrb,kmtisnbk<m¢mt^sgÀuztounuy¤§uybzmtg@oqp ^k,¦bcmn^sb+unk<acbQrstoqrCbtmWx'Ò­qistbu . ¬¯L]:^sbmti` · isjhb,p}m
¼}g@psb,mnglzb,psbtvx · b,^k,¦}g@oqglumn^sbunk<acb.¡£g@mn^+¡£k<jhj@¤¥jlk,¡uk<p w mt^sb.mW¡:ov¤¥jlk,xb,aco w bj%Ò­qistb N¯
fo`±¹mt^sbqoo w k<qtb,bacb,p}m£o< Imt^sbnbuyi`j@muo · m¬k<g@p`b w ¡£g@mn^mt^`b w g ¾Nb,nb,pmacb,mn^so w ¦qkj@g w k<mtboqis
¡£kj@jh¤ÅjÀk¡u:oqp+z{i`t¦b¡Ák<j@jÀu{¯
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bcz{oqpuyg w b,mn^sb¢gluyoqmt^sbtakj
"bj@b,nx l q w bvtbbu!z{ovacr`tbunuyg@oqp+kacrrsnbuybpmnb w k<m  b,taQbu
ovt¼`uy^`ovr ã % V¯ Â |rb,ng@acbpm¬k<jtbuWisj@m¬u6k<nbck,¦qk<ghjlk · j@b ¥oq6mn^sbr`tbunuyisnbk<p w ^sbk<m ¨ is| w gluW¤
mtng · i`mtg@oqpu{¯!]:^`b6g@p ¨ o¡ +kqz^ªk<p w £b,xp`ovj w uÆp}isa · bu£k<nbtbuWrbz{mtgh¦b,j@xKqck<p w O M K & 	 ¯]:^sbacbuW^ciuWb w ^kvuk · ovi`m!vqvpso w buk<p w mt^sb­¬uymrovg@p}m£g@pmn^sb!psovnak<j w g@nbz{mtghovpcgÀu£k<m'k w gluW¤
mkpz{b!o<  q M^K & | 3   ¥nova mn^sb6¡Ák<j@j§±mn^sb.z{ovnpsb, · b,g@p`ckm
&"MWTq   ¥novamt^sb!jhbk w ghpsb w qb¯0]:^sbg@p ¨ o¡ mnb,acrb,kmtisnbgÀu D X   l   k<p w mt^sb'¡£k<jhj¹mnb,acrb,kmtisnb D 0  T  ¯Á]:^sbrsnbutuWistbz{ob #²z{ghb,pm w gÀuymntg · ismtghovpKk<qtb,bu6¡£ghmt^	b,|}rb,tghacb,p}mk<jtbuyisjhmu{±0¡£g@mn^	uyoqacbco¦b,nbuymng@akmtg@oqp ghp
mt^`b$r`jlk<mnbk<i8tb,qg@oqpBÒ­®visnba¬¯7b6i®uyb!mt^sb! ¥ovnaisjÀk<mng@ovpQrstbuWb,p}mtb w g@p §vaImto¢b,¦qk<jhik<mnb6mn^sb
^sbkm ¨ is|6Ò­qistb8, ¯.]:^sb¢b{¾Nbz{mu£o< Áovis'rCoÃuymn¤Årsno}z{bunuyg@p` ¥ovnai`jlkVv 'z{ovacr®k<tb w mtomn^sb
^sbkmzovp}mttg · ismng@ovp8kj@ovp`b ¥gV¯ b¯ 4A 6A 7 #   D p  /"! } E #2£ktb.uy^so¡£p+ghp²­®visnb5tq:¬¯: b.z,kp+uWb,bkz{ovntbzm · b,^®k¦}g@oqg@pmt^`b ¨ km!tb,qg@ovp;k<p w k · bmtmtb­m!¡£g@mn^ b,|}rb,tghb,pz{b«k ¥mnb,.uyb,rkkmtg@oqp½¯
¿ u¡:b^®k¦b¢unk<g w ±kvoo w ­m!¡£g@mt^mt^`bb,|rb,ng@acbpm¬k<j w kmkghp+mt^sb¢tbz{g@¬z{isjlkmtghovp+ktbkqu$¡Ákvu
v  ¯`ov^kacak w g¹kp w Ï.¯~isghvm
g@aQrCoÃutuWg · jhb:¡£g@mn^bg@mt^`b,5 ¥oqta¢isjlkmtghovpVqaov §va · bz,kiuybo< Çmt^sb'uyrb,b w u%!kp w !£mtoo.aiz^
uya²k<j@j§¯c°Vp ­qistbu ta.kp w ta¬±¡:bcrsnbuybpm!mt^`bctbuWisj@m¬uo · m¬k<g@p`b w ¡£g@mn^mt^`b ¥ovnaisjÀk<mng@ovpV}: k<p w mn^sb­m!¡£ghmt^b,|}rb,tghacb,p}mkj w k<m¬kglu · b,mtmnb, ¥ov6mn^sbc^sbk<m!mt¬k<puV ¥b,z{ob #z{ghb,p}m,¯ ¿ u
· b{ ¥ovnb±smt^`b$nbz{ghz{isjÀk<mng@ovpQj@b,psqmt^glu:i`p w b,n¤Årsnb w gÀz{mtb w ¯
bcrsnbuybpm.ovp­vi`tb td .mt^sbc^`bk<mmnk<p®u³ ¥b,«z{ob #²z{g@b,p}m!o · m¬k<ghpsb w mt^kps¼`u6mto+mt^`bcmW¡:o
jlk,xb,.aco w b,j§¯  ovmn^sgluzkvuybÃ±:k+tb{­®psb w acbuW^ ^kqu · b,bp iuWb w ´cacovnbcmt^kp KO &&N& pso w bu{±
k<p w ¡£g@mn^mt^sb­®uymovp`bu:g@pmt^`b$p`ovta²k<j w g@tbz{mtghovpkm£j@bunu:mt^kp T"M K & | 	   ¥nova mn^sb!tbkj¹¡£kj@j§¯]:^sgÀuO­qistb.uy^`o<¡u:mn^k<m£mn^sb · b,^k,¦}g@oq£k<nb!mt^sb!unk<acbiuWg@ps¡Ák<j@jh¤ÅjÀk,¡u7¡£g@mn^z{oÃk<uWb!acbuy^`buov
iuWg@psmn^sb!my¡Iov¤¥jlk,xb, 45.aco w b,j¡£ghmt^¦b,tx¢tb­psb w acbuW^sbu0psbk<£mn^sb!tbkj½¡£kj@jV¯ ovnb,o¦b,,±
­qistbu ta.k<p w td !uW^so¡u6mt^km6mn^sb­m!¡£g@mn^b,|}rb,tghacb,p}mk<j w kmkgÀu · b,mnmtb,!ovp©k<mtm¬kvz^sb w
¡£g@mn^+¡£kj@j@¤¥jlk,¡u£mt^kp+¡£g@mn^+mt^sb.my¡Iov¤¥jlk,xb,mtbz^spsg  i`b¯  i`tmt^`b,tacoqtb±kqu¡£^sb,p+¡Ák<jhj@¤¥jlk,¡uktb
k<r`rsj@ghb w ±vmn^sbnbz{ghz{isjÀk<mng@ovpjhb,psqmt^¢glu4isp w b,0buymng@akmtb w kp w mt^sbpi`acb,tgÀz,k<jbttoq0glumt^sb'utkacb¯
fo`±Cmn^sb6b,ntoqghpr`tb w gÀz{mtghpsmt^`b6tbz{g@¬z{isjlkmtghovpcjhb,psvmn^gÀu:psovm!krsno · jhb,a o< I¡Ák<j@jh¤ÅjÀk,¡u{± · ism'k
rsno · jhb,a o<  aco w bj@glunk<mng@ovpÇ¯
¿ u£kz{oqpuyb  isbpz{b±}mt^sgÀu:glu£k6p}isacb,nglz,kjC¦qkj@g w k<mtghovpo< Oovis£mn^sb,ta²k<j¹¡Ák<jhj@¤¥jlk,¡u{¯
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]:^sb8k<r`rsj@gÀz,k<mng@ovp	o .kpsb,¡ ¡£kj@j@¤¥jlk,¡u$ ¥oqta¢isjlkmtg@oqp  ¥ov¢zovacrsnbutuWg · jhb ¨ o<¡uo¦b,k w glk · k<mnglz
k<p w gluWovmt^`b,takj¡£kj@jÀu ^®kvu · b,b,p;uy^so¡£p½¯8]:^sgÀu6k<r`rstoÃkvz^gluvbpsb,kj:ghp mn^sbcuWb,puWbcmt^km6mn^sb
jlk,¡u!k<nb¦qkj@g w isrmto8mt^sb¢¡£kj@j l ¥ovkj@j0º}» ¬±5 ¥oq6k¡£g w b¬k<psqbco< '+kqz^+p}isa · b,!k<p w ^sbk<m
¨ is| w gÀuymntg · ismtghovpo¦b,£mt^sb.¡£kj@jV¯I]:^sb.¡:ovn¼^kvu · b,bpacoqmtg@¦qkmtb w · x8k<p8g@p w i®uymtnglkj w b,akp w
 ¥ov'vb,psbk<jjlk,¡uoqp" isp®uymtniz{mnistb w mWx}rb6acbuW^sbu7 ¥oq!z{ovaQrsj@b,|¢vbovacb,mntghbu{¯]:^sgÀuÆgÀu¡£^x
ovp`j@xj@o}zk<j¹ghp ¥ovnak<mng@oqpu0k¦qkg@jlk · j@b'k<mImt^sb£­Nz{mng@mng@ovi®u7¡£kj@jpso w bu7^k,¦b · bb,pciuWb w ¯  b,pz{b±mn^sb
b,|}mtb,p®uyg@oqp+mto(" gÀuuymnkg@v^}my ¥oqt¡Ák< w ¯6 b¢uW^so¡:b w mn^k<m.uWb,rk<¬k<mnb w¨ o¡u!z,k<p · bQz{ovacr`ismtb w
ovptbjlk<mng@¦b,jhxz{oÃk<uWbacbuW^sbu£iuyghpsb,|r`j@glzg@mutz^sb,aQbu{¯ ¶ psb¢k w ¦qk<p}mk<qbo £mn^sglukrsrsnokvz^gÀu
mt^`b §kqz{m!mt^km w isbmnomt^sb¢¡:bk¼ ¥ovnaisjÀk<mng@ovpÇ±¹g@mgÀupsovm.psbz{bunutktxmnorsno¦g w b¢kcvj@o · k<jIjlk,¡
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Wall-laws - first mesh
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Distance from the wall (m)
Velocity at 135 degrees cross-section
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Distance from the wall (m)
Velocity at 135 degrees cross-section
Wall-laws - first mesh
Wall-laws - refined mesh
Two-layer model
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Distance from the wall (m)
Temperature at 135 degrees cross-section
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Distance from the wall (m)
Turbulent kinetic energy at the -135 degrees cross-section
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Wall-laws - refined mesh
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Evaluation with the Reynolds relation
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Evaluation with the Reynolds relation
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Evaluation with the two-layer model
Experimental data
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